Trimmer et al. explore potential drivers of the production of nitrous oxide [N2O] in low-oxygen [O2] waters of the Eastern Tropical North Pacific oxygen minimum zone. They use a combination of O2 manipulation experiments using isotopic labeling, rate measurements, and marker gene counts to inform and parameterize a non-linear mixed effects model that shows a strong exponential relationship between declining O2 and increasing N2O and a significant positive correlation with counts of the Archaeal marker gene nitrite reductase (AnirK). Significant negative relationships between O2 and N2O concentrations have been described previously in ocean OMZ regions. Such patterns have been used to suggest a role for nitrifiers in ocean N2O production, either directly via chemical decomposition of ammonia oxidation intermediates, or via so-called nitrifier-denitrification, in which ammonia oxidation to NO2 is coupled to NO2 reduction by the same organism. Here, through some of the first experiments to test the N2O and O2 relations, the authors observe an excess of single 15N-labeled N2O in incubations with 15NO2 coupled with a strong positive relationship between AnirK abundances and N2O production rates, and use these results to implicate Archaeal nitrifier-denitrification as the most likely source of N2O. Overall, this is a comprehensive, statistically robust, and well-conceived study that provides strong support for the hypothesis that ammonia-oxidizing Archaea play an important role in N2O production. Broadly, these results will be useful for helping constrain models to determine effects of O2 content on greenhouse gas cycling.
There are, however, several issues that deserve attention prior to publication.
1) Gene/cell counts data not well described, and questionable. Why are AnirK counts 2 orders of magnitude higher than those of AamoA (~106 vs 104 per ml) if both genes are putatively localized in the same organism)? Indeed, Figure 4 shows maximum AnirK counts of ~5,000,000 per ml, with an average closer to about 200,000 per ml (~ln 12). Frankly, these values seem high to me. Is 10^6 AnirK per ml consistent with AOA abundance in this system (or in comparison to other systems; e.g., ETSP), and with knowledge of nirK copy number in available Thaumarchaeota genomes? Of course, the magnitude of difference between AnirK vs AamoA counts cannot be explained by copy number variation alone. Is it possible that the AnirK primers are non-specific and that the qPCR assays are also amplifying denitrifier nirK? Or something else? (Was there any attempt to confirm the specificity of these primer sets for this study?) Some (rough) insight into this these questions could presumably come from the counts of total Marine Group I (MGI) 16S copies (Table S5) , although these data are not presented (why???), or by considering prior literature on correlations among MGI 16S, AamoA, and AnirK genes (e.g., e.g., Lund et al. 2012 , ISME find a much smaller difference in AamoA vs AnirK counts). These questions are important for validating the integrity of AnirK as a marker for Archaeal ammonia oxidation.
2) Per-cell rates? A more transparent discussion of the gene count data could be used to help bound per-cell estimates of N2O production (based on the experimental incubations). Doing so would be useful, at the very least for determining whether the observed rates, if they are not realistic at the per-cell level based on knowledge from the literature, could be driven partly by other processes. 6) Treatments/levels need more explanation. Notably, the treatment names "N2, N2O, N2O + O2, etc" (see Table 1 ) are not well described. As a consequence, the first mention of "12 experiments" (line 109) is somewhat baffling. Please briefly clarify (in the Results) the overall experimental plan. 7) Target depths. Following on comment #6, the main text does not actually specify the two target depth zones from which samples were collected. Indeed, this information is cryptic even in the Methods at the end of the manuscript. Please clarify. 8) Chemical concentrations/context. The Intro would benefit from additional details regarding the environmental conditions/significance of the target study area. How much N2O production is actually associated with OMZs ("significant sources" in line 30 is vague, and not further qualified)? From prior work, how much N2O is present? What are the "representative oxygen concentrations" referred to in line 76? 9) "Bottle effects" (lines 123-12129) discussion unclear. Bottle effects can mean a variety of things. Please clarify the exact bias or pattern being tested for here, and how time series sampling is helping rule out such effects. 10) qPCR standard curves. I did not see a description of how the standard curve for the qPCR assays was generated. Specifically, what was the source of standard template DNA?
Other: Table 1 and line 401. Define "OFN".
Line 108. Should "dual labeled" instead be "single labeled"? (based on data elsewhere in paper; e.g., lines [204] [205] [206] [207] Line 125. What is the "main" experiment?
Reviewer #2 (Remarks to the Author):
Review MS NCOMMS-16-03439
General Comment:
Trimmer et al. present results on nitrous oxide (N2O) production as a function of dissolved oxygen availability in the 1 to 30 um range and archaeal gene abundance in the North Pacific. This is a careful study that focuses on the mechanistic basis for production of nitrous oxide in low-oxygen marine environments. This is an important and unresolved problem in the marine nitrogen cycle research and of potential interest to a broad audience. Overall, the manuscript is well written and organized. Field based measurements of nitrous oxide concentrations, isotopic signatures, and substrates utilized to facilitate its production are relatively scarce in oceanic environments, and the data are valuable.
However, the interpretation of the mechanism used to produce nitrous oxide by ammonia-oxidizing Thaumarchaea needs to be re-assessed, considering the recent findings that incorporate the production and evolution of "nitric oxide (NO)" by ammonia oxidizing archaea (see below).
Specific Comments:
1. Two recent publications (Martens-Habbena et al. 2015; Kozlowski et al. 2016 ) using pure cultures of marine and terrestrial Thaumarchaea (Nitrosopumilus maritimus SCM1 and Nitrosophaera vienesis) have provided evidence for "nitric oxide" as an important intermediate produced by both organisms. The production of nitrous oxide by ammonia-oxidizing Thaumarchaea was conceptualized based on a side reaction involving nitric oxide produced by the ammoniaoxidizing organism that was subsequently converted to nitrous oxide by "a reaction with water". While the most convincing of these studies utilized a soil isolate, the central biochemistry is conserved among both isolates, and genes and transcripts associated with these reactions are often detected in metagenomic and metatranscriptomic surveys. The essential inhibition of nitrification in isolates and coastal marine waters with a nitric oxide scavenger, PTIO, provides further support for this mechanism.
zone. Environ Microbiol. 14: 23-40.
Reviewer #3 (Remarks to the Author):
The paper reports an extensive biogeochemical and microbiological study of rates and pathways of N2O formation in the world's largest oxygen minimum zone (OMZ), concluding that N2O production can be ascribed to ammonium-oxidizing Archaea through coupled nitrificationdenitrification, and that rates can be predicted from a simple oxygen dependent rate expression. OMZs are recognized as important sources of atmospheric N2O, but there is no consensus on the mechanisms and regulation of N2O production there. Thus, if the conclusions hold, the study represents a substantial step forward, which should be of interest to a wide audience.
The strengths of the study include the high spatial coverage and large experimental dataset of good quality. As stated in the paper, it is the first detailed experimental investigation linking N2O production under in situ conditions to a specific microbial pathway. In its present form, however, a number of issues appear to undermine the central conclusions.
1) The reported 15N-N2O production rates greatly underestimate total N2O production. N2O production rates are based on incubations with 15N-labeled nitrite, a central finding being that the 15N-labeled N2O formed is mainly of mass 45 (15N14NO) rather than mass 46 (15N15NO) as would be predicted from the isotopic composition of nitrite. This leads to the (correct) conclusion that N2O is mainly stems from another source than nitrite and (l. 208) that the majority of N in N2O is actually 14N -which implies that most of the N2O produced during the experiments accumulated as 44N2O (14N14NO). Based on the relative accumulation of masses 45 and 46 (Fig.  2c ), typically {greater than or equal to} 50:1 but highly variable, and assuming random isotope pairing during the denitrification step to N2O, we can estimate that total 44N2O production rates in the experiments were typically at least 10 times higher than 15N-N2O and that this factor varied strongly between individual experiments (the situation is analogous to the use of the isotope pairing technique to quantify denitrification in aquatic sediments where a large fraction of N2O/N2 is formed through coupled nitrification-denitrification). This has serious implications: Firstly, the correlations of N2O production to oxygen, gene numbers, etc., must apply to the total rates (or 44N2O rates) and not only to the 15N-N2O rates as demonstrated now. It is not clear if this will be the case, because each data point should be scaled individually depending on the 45N2O/46N2O production ratio. Secondly, the rate expression used for modelling should also be based on total rates. As far as I can see, increasing the rates by an order of magnitude will lead to a similar increase in the modelled N2O concentration (Fig. 5) , which means that the model will no longer fit the measurements. The experimental dataset needs to be re-evaluated.
Furthermore, it should be acknowledged that the experiments are, presumably, blind to "leaky" nitrifier N2O production through the hydroxylamine pathway. Thus, total N2O production could be even larger that what the calculations mentioned above will show. This could have been investigated by measurement of N2O production in the 15N ammonium incubations, which were included in the study. Did the authors attempt such measurements?
2) The archaeal nirK gene numbers appear orders of magnitude too high. The central conclusion that N2O is produced through archaeal nitrification-denitrification rests strongly on the correlation of rates and AnirK gene numbers determined by qPCR. These numbers are extremely high (Fig.  S5 ), up to 10^6 mL-1, which is similar to or higher than total prokaryote counts in mesopelagic waters, and 2 orders of magnitude higher than the counts of archaeal amoA genes in the same samples. While the cells may have more than one copy of each gene, it is unlikely that they have 100 copies of nirK. Furthermore, a previous study (Lund et al. 2012) found a reasonable agreement between AnirK and AamoA in North Pacific waters, and typical numbers of 10^4 mL-1, in agreement with the AamoA counts here and in another study from the same OMZ (Beman et al. 2012, L&O) . This discrepancy might suggest that the nirK primer set as applied here is not specific for thaumarchaeotal ammonium oxidizers, which clearly undermines the conclusion based on the correlation.
3) The background of the paper, as presented here, is a bit of a strawman. The authors argue that the present understanding is that N2O formation in OMZs is due to bacterial ammonium oxidizers. This is an out-dated point of view, which originates from the days before the role of Thaumarchaeota was realised. Studies by Francis, Beman, Stewart and others have clearly documented that bacteria play a very minor role in the ammonium oxidizer community and in ammonium oxidation in OMZs, and Santoro and coworkers have shown that Thaumarchaeota are a likely source of N2O there, and that at least part of their N2O production is through nitrificationdenitrification. The novelty of the present story lies in the experimental approach and derivation of quantitative relationships, not in discovering the role of Thaumarchaeota. Fig. S2 is very difficult to understand. Why are the same data points shown in multiple frames in both a and b? Why do the sections overlap sometimes but not always? 107: is there such a thing as O2-free nitrogen gas? (and OFM is used but not defined anywhere) 108: dual labelled 45N2O?? 120: exponential increase is confusing without stating the direction of oxygen concentrations -it is an exponential decrease with increasing oxygen 121: it is not obvious to me that the exponential function is consistent with the in situ distribution 124: these developments are by no means "approximately linear". Two out of four clearly cease completely after 12 h, and the two others clearly decelerate after 20 h -the effect seems to be depth dependent. The underestimation of rates in the long incubations adds further uncertainty to issue #1 above. 200-2: please explain -why does the fact that nitrification is active lead the authors to expect no N2O production from nitrite? Nitrifier denitrification depends on nitrification. 209-11: the relevance of this sentence is not clear. 225-6: the authors did not measure net nitrification (i.e. increase in concentrations of nitrite+nitrate), I believe. Furthermore, Kalvelage and coworkers have reported nitrate reduction to 20 µM oxygen in OMZ waters, so why would 1 µM exclude the process? The potential for nitrate being the source of 14N in N2O should be discussed further. 228-9: what does "and, though not directly" mean? 240-1: this is pure speculation -being better adapted doesn't mean being perfect 260: Babbin did not present a variant of the authors' model -it is the other way around 276-8: this seems to contradict the general applicability of the simple model advocated earlier 281-2: air-sea exchange rates should be independent of the assumptions about pathways of N2O production? 320: how were vials filled with He is they were only sealed later? 442: where does the Heaviside function come from? The data implies increasing N2O production all the way to zero oxygen. What does a* refer to -it is not in the equation? (here again, why the quotation marks? 
Point by point to each reviewer. Reviewer #1 (Remarks to the Author):
There are, however, several issues that deserve attention prior to publication. 1) Gene/cell counts data not well described, and questionable.
Why are AnirK counts 2 orders of magnitude higher than those of AamoA (~106 vs 104 per ml) if both genes are putatively localized in the same organism)? Indeed, Figure 4 shows maximum AnirK counts of ~5,000,000 per ml, with an average closer to about 200,000 per ml (~ln 12). Frankly, these values seem high to me. Is 10^6 AnirK per ml consistent with AOA abundance in this system (or in comparison to other systems; e.g., ETSP), and with knowledge of nirK copy number in available Thaumarchaeota genomes?
Please see the response to qPCR and molecular analysis above Of course, the magnitude of difference between AnirK vs AamoA counts cannot be explained by copy number variation alone. Is it possible that the AnirK primers are non-specific and that the qPCR assays are also amplifying denitrifier nirK? Or something else?
Please see the response to qPCR and molecular analysis above (Was there any attempt to confirm the specificity of these primer sets for this study?) Some (rough) insight into this these questions could presumably come from the counts of total Marine Group I (MGI) 16S copies (Table S5) , although these data are not presented (why???), or by considering prior literature on correlations among MGI 16S, AamoA, and AnirK genes (e.g., e.g., Lund et al. 2012 , ISME find a much smaller difference in AamoA vs AnirK counts). These questions are important for validating the integrity of AnirK as a marker for Archaeal ammonia oxidation.
Please see the response to qPCR and molecular analysis above
2) Per-cell rates? A more transparent discussion of the gene count data could be used to help bound per-cell estimates of N2O production (based on the experimental incubations). Doing so would be useful, at the very least for determining whether the observed rates, if they are not realistic at the per-cell level based on knowledge from the literature, could be driven partly by other processes. 3) N2O production mechanism. It remains unclear how AOA generate N2O from NO2.
Even though this issue is probably linked to the errors in our original count data it is a good suggestion and would confirm that our data lie with a range that is
Many AOA genomes, including several from marine environments, encode only nirK, and those AOA genomes that do encode components of downstream denitrification steps are missing key catalytic subunits (e.g., of nitric oxide reductase). Given this lack of mechanistic understanding, the extent to which AnirK may a priori be considered a reliable proxy for AOA-based N2O production is (seemingly) debatable. The choice of AnirK as a marker, and the state of knowledge about the NO2-to-N2O production step should be briefly discussed (building upon the brief mention in line 239 4) "Experimental component" could be better articulated/emphasized in the Intro. It took a second reading to realize that the paper was trying to draw attention (e.g., in para 2 of the Intro, para 1 of the Discussion) to the fact that this work is one of the first (the first?) studies to show the inverse relation between N2O and O2 using "experiments", rather than environmental data. I know that this is stated in the Intro, but it is done in such a way as to be easily overlooked (it happened in my first reading of the ms, so it is possible for others as well). To better highlight this novel aspect of the work, I suggest moving some of the stronger statements from lines 246-249 into the Intro. This will immediately establish a contrast to prior work.
That 6) Treatments/levels need more explanation. Notably, the treatment names "N2, N2O, N2O + O2, etc" (see Table 1 ) are not well described. As a consequence, the first mention of "12 experiments" (line 109) is somewhat baffling. Please briefly clarify (in the Results) the overall experimental plan. Table 1. 7) Target depths. Following on comment #6, the main text does not actually specify the two target depth zones from which samples were collected. Indeed, this information is cryptic even in the Methods at the end of the manuscript. Please clarify.
Yes this was inadequate. We now describe our experimental design briefly at the start of the results section -Nitrous oxide production as a function of oxygen-See lines 106-110 and have fully revised the description of the treatments in
We have clarified this as part of point 6 above. Our aim was to generate natural variation in both ambient oxygen and nitrous oxide concentrations which we largely achieved. 8) Chemical concentrations/context. The Intro would benefit from additional details regarding the environmental conditions/significance of the target study area. How much N2O production is actually associated with OMZs ("significant sources" in line 30 is vague, and not further qualified)? From prior work, how much N2O is present? What are the "representative oxygen concentrations" referred to in line 76?
The Line 125. What is the "main" experiment?
Redundant and removed.
However, the interpretation of the mechanism used to produce nitrous oxide by ammoniaoxidizing Thaumarchaea needs to be re-assessed, considering the recent findings that incorporate the production and evolution of "nitric oxide (NO)" by ammonia oxidizing archaea (see below).
1. Two recent publications (Martens-Habbena et al. 2015; Kozlowski et al. 2016 ) using pure cultures of marine and terrestrial Thaumarchaea (Nitrosopumilus maritimus SCM1 and Nitrosophaera vienesis) have provided evidence for "nitric oxide" as an important intermediate produced by both organisms. The production of nitrous oxide by ammoniaoxidizing Thaumarchaea was conceptualized based on a side reaction involving nitric oxide produced by the ammonia-oxidizing organism that was subsequently converted to nitrous oxide by "a reaction with water". While the most convincing of these studies utilized a soil isolate, the central biochemistry is conserved among both isolates, and genes and transcripts associated with these reactions are often detected in metagenomic and metatranscriptomic surveys. 74, 233, 243-244, 254. 2. While gene abundances were used in this study to explain the nitrous oxide signals, utilization of transcript would be more convincing, and perhaps yield more explanatory power over genes abundances alone. This is especially true for marine Thaumarchaea, which often display high activities at the base of the oxycline, but are often at abundance levels that are considerably lower. The metatranscriptomic analysis of the eastern tropical South Pacific oxygen minimum zone by Stewart et al. (2012) is an example that displays the mismatch between gene abundance and activity quite well.
Please see the initial response above 2. The choice of oligo-nucleotide primers used to assess the abundance of the amoA gene corresponding to both Bacterial and Thaumarchaeal groups is a bit surprising, given that both are utilized primarily in terrestrial environments, and the later is considerably degenerate. 
Reviewer #3 (Remarks to the Author):
1) The reported 15N-N2O production rates greatly underestimate total N2O production. N2O production rates are based on incubations with 15N-labeled nitrite, a central finding being that the 15N-labeled N2O formed is mainly of mass 45 (15N14NO) rather than mass 46 (15N15NO) as would be predicted from the isotopic composition of nitrite. This leads to the (correct) conclusion that N2O is mainly stems from another source than nitrite and (l. 208) that the majority of N in N2O is actually 14N -which implies that most of the N2O produced during the experiments accumulated as 44N2O (14N14NO). Based on the relative accumulation of masses 45 and 46 (Fig. 2c) , typically (greater than or equal to) 50:1 but highly variable, and assuming random isotope pairing during the denitrification step to N2O, we can estimate that total 44N2O production rates in the experiments were typically at least 10 times higher than 15N-N2O and that this factor varied strongly between individual experiments (the situation is analogous to the use of the isotope pairing technique to quantify denitrification in aquatic sediments where a large fraction of N2O/N2 is formed through coupled nitrification-denitrification). This has serious implications: Firstly, the correlations of N2O production to oxygen, gene numbers, etc., must apply to the total rates (or 44N2O rates) and not only to the 15N-N2O rates as demonstrated now. It is not clear if this will be the case, because each data point should be scaled individually depending on the 45N2O/46N2O production ratio. Secondly, the rate expression used for modelling should also be based on total rates. As far as I can see, increasing the rates by an order of magnitude will lead to a similar increase in the modelled N2O concentration (Fig. 5) , which means that the model will no longer fit the measurements. The experimental dataset needs to be re-evaluated. (Fig. 2c) Fig. 2c -which (intercept, a=120.6 versus 132.4 and exponent, b=0.051 versus 0.048) ; especially b, the sensitivity to oxygen. The subsequent relationships with the archaeal genes (Fig. 4) are also unaffected and these new parameters have no effect on the output of the 1D model (Fig. 5) .
We think there's just been a simple mistake here. The reviewer begins by stating that "Based on the relative accumulation of masses 45 and 46

Method lines 365-390.
The 2) The archaeal nirK gene numbers appear orders of magnitude too high. The central conclusion that N2O is produced through archaeal nitrification-denitrification rests strongly on the correlation of rates and AnirK gene numbers determined by qPCR. These numbers are extremely high (Fig. S5) , up to 10^6 mL-1, which is similar to or higher than total prokaryote counts in mesopelagic waters, and 2 orders of magnitude higher than the counts of archaeal amoA genes in the same samples. While the cells may have more than one copy of each gene, it is unlikely that they have 100 copies of nirK. Furthermore, a previous study (Lund et al. 2012) found a reasonable agreement between AnirK and AamoA in North Pacific waters, and typical numbers of 10^4 mL-1, in agreement with the AamoA counts here and in another study from the same OMZ (Beman et al. 2012, L&O) . This discrepancy might suggest that the nirK primer set as applied here is not specific for thaumarchaeotal ammonium oxidizers, which clearly undermines the conclusion based on the correlation.
Please see the response to qPCR and molecular analysis above
3) The background of the paper, as presented here, is a bit of a strawman. The authors argue that the present understanding is that N2O formation in OMZs is due to bacterial ammonium oxidizers. This is an out-dated point of view, which originates from the days before the role of Thaumarchaeota was realised. Studies by Francis, Beman, Stewart and others have clearly documented that bacteria play a very minor role in the ammonium oxidizer community and in ammonium oxidation in OMZs, and Santoro and coworkers have shown that Thaumarchaeota are a likely source of N2O there, and that at least part of their N2O production is through nitrification-denitrification. The novelty of the present story lies in the experimental approach and derivation of quantitative relationships, not in discovering the role of Thaumarchaeota. (Fig. 1b) (Fig. S1a) . lines [94] [95] [96] . Fig. S2 is very difficult to understand. Why are the same data points shown in multiple frames in both a and b? Why do the sections overlap sometimes but not always?
The co-plot function in R can be used to represent multivariate data but its usage might not be that familiar to everyone. Below are all the available datasets from transects giving the best coverage closest to ours in the tropical . Fig. S2 107: is there such a thing as O2-free nitrogen gas? (and OFM is used but not defined anywhere) Table 1 where we provide a summary of our treatments.
No, in reality there probably isn't but oxygen-free-nitrogen (OFN) is just a common trade name of a routine gas. Changed to nitrogen on line 114 and the purity of our "OFN" is now defined in
108: dual labelled 45N2O??
As above, reviewer 1. 124: these developments are by no means "approximately linear". Two out of four clearly cease completely after 12 h, and the two others clearly decelerate after 20 h -the effect seems to be depth dependent. The underestimation of rates in the long incubations adds further uncertainty to issue #1 above.
See point 9 for reviewer 1. The last point is answered as part of the rebuttal to main point of criticism from reviewer 3 above i.e. we are not largely underestimating N 2 O production.
200-2: please explain -why does the fact that nitrification is active lead the authors to expect no N2O production from nitrite? Nitrifier denitrification depends on nitrification.
With The authors have done a thorough and commendable job of addressing my concerns in the prior review, notably regarding the disconnect in the qPCR counts and clarifying the overall presentation of the experimental/sampling design and bottle effects. This is a solid experimental study on a potentially substantial, and somewhat overlooked, pathway to OMZ greenhouse gas production. There are many mechanistic details about this process that remain to be fleshed out. I suspect this paper will be a powerful motivator for such work.
The authors have revised the paper extensively and have resolved many issues. My most serious concern remains, however, namely that the reported 15N-N2O production rates greatly underestimate total N2O production. This might in part to be due to a couple of mistakes in my original comments for which I apologize. Although the error is not as large as I thought originally, I maintain that it might undermine the central conclusions.
Authors' comments: "We think there's just been a simple mistake here. The reviewer begins by stating that "Based on the relative accumulation of masses 45 and 46 ( Fig. 2c )", however Fig 2c did NOT show masses 45 and 46 i.e. 45N2O and 46N2O, it showed the actual measured amount of 45N2O as a function of 45N2O predicted for simple denitrification with 15NO2-. (It is now redrawn to show 45N2O above that expected from denitrification but the message is the same). This tells us that the vast majority of N2O cannot be due to denitrification because the measured frequency of 45N2O is far above that predicted for denitrification given the 15N labelling of the NO2-pool (>86%). If N2O were being produced solely through denitrification then, with random isotope pairing, the labelling of the N2O would be binomially distributed relative to frequency of 14N to 15N in the NO2-pool and we would get 45N2O produced along the 1:1 line in Fig. 2c -which we do not. So it seems to us that the premise of the argument is not correct."
I made two mistakes in my original comment, which might have confused the authors, but the premise of my argument that "The reported 15N-N2O production rates greatly underestimate total N2O production" still holds, and the same applies to the newly calculated total N2O production rates.
Regarding my mistakes:
(1) While Fig. 2c did not show 46N2O production directly, it did so indirectly because the ordinate, 45N2O predicted for denitrification, is directly related to 46N2O production (Equation 1, l. 368). My estimate of the production ratio of 45N2O to 46N2O of 50:1 was wrong, however. If I understand l. 115 correctly (that 81% refers to the contribution of 45N2O to 15N-N2O; it can't refer to the relative increase above the expected value although that is what the text seems to imply -I didn't get this the 1st time), this ratio was on average 4:1 (0.81/(1-0.81)).
(2) Because the authors write in the discussion that "Put simply, the majority of N in the N2O produced was actually 14N that was not derived from our 15N-NO2-tracer", I assumed that the authors agreed with me in the principles of isotope pairing that apply to N2O formed through nitrifier-denitrification. I understand now that they don't and will therefore explain this issue in more detail:
Nitrifier-denitrification traditionally represents the reduction of nitrite via NO to N2O (NH4+ => NH2OH => NO2-=> NO => N2O; e.g., Stein L.Y. 2011 in Nitrification, eds. Ward B.B. et al., ASM Press) with the two steps being analogous to those found in canonical denitrifiers. The process is well-described in AOB. The authors argue that N2O production in AOA occurs through a similar, if not identical pathway, which is agreement with the most recent literature. It is possible that NO is a free intermediate in ammonium oxidation in AOA, such that the mixing of N atoms originating from ammonium and nitrite, respectively occurs in the NO pool rather than (or as well as) in the nitrite pool (NH4+ => NO; NO2-=> NO; 2NO => N2O). Regardless, the step leading to N2O formation is NO reduction, as is the case in canonical and AOB nitrifier denitrification. This has important implications for the calculations of total N2O production based on 15N-nitrite incubations as in the present case.
If N2O forms from either nitrite or NO reduction, the nitrogen isotope composition of N2O is the result of random isotope pairing during the reduction of 2NO to N2O. This means that N2O of masses 44, 45, and 46 will form at a ratio of (1-FNO)^2 : 2*FNO*(1-FNO) : FNO^2, where FNO represents the mol fraction of 15N in the NO pool. This further implies that even if FNO is not known, the total production of N2O (masses 44 + 45 + 46) can be determined from the production of 45N2O and 46N2O as described by Nielsen (FEMS Ecol 86:357-62, 1992) . This is the basis of Nielsen's well-established isotope pairing technique, which is widely used to determine denitrification rates in intact sediment cores. As I pointed out in my original comment, the situation in the sediment incubations is analogous to that in the present study: 15N-nitrate is added to the water column and reduced to N2O (and ultimately N2) in the sediment, and at some point during the process, the stream of "exogenous" 15N is diluted by 14N originating from nitrification. In fact, the 1st author has developed an elegant technique to determine both denitrification and anammox in sediment cores based on this principle.
Based on all this, I am very surprised that the authors in their new calculations of total N2O production have chosen to treat nitrifier-denitrification as an anammox-type process (l. 375-383). Anammox is characterized by 1:1 (rather than random) pairing of N atoms originating from nitrite and ammonium, respectively. This pairing is brought about by the 1:1 reaction of NO and NH4+ to form hydrazine (N2H4), which is unique to the highly specialized anammox bacteria. Anammox bacteria do not produce N2O (it seems) and the authors provide no justification whatsoever for assuming the involvement of a similar, asymmetrical process in nitrifier denitrification. All available knowledge points to random isotope pairing.
Thus, the authors should either argue convincingly for a new pathway of N2O formation with a unique 1:1 isotope pairing, which is what they have based their present calculations on, or recalculate their total N2O production rates assuming the more realistic random isotope pairing expected for nitrifier denitrification. For a production ratio of 45N2O to 46N2O of 4:1 (as estimated above) the total rate will be about twice the rate of 45N2O production. This change is not as serious as I had anticipated in my original comments, but it is still substantial, and, as mentioned in my original comment, the ratio of 45N2O to 46N2O production seems to be highly variable, and recalculation will therefore not simply scale up the rates proportionally. Thus, I strongly disagree with the authors' statement:
"Please also note -that neither of the two concerns raised by the reviewer here would have any effect on either our revised or original story. We experimentally manipulated oxygen and directly measured an exponential increase in 15N-N2O. The residual variation that couldn't be explained by oxygen correlates with archaeal gene abundance. Also, parameterizing a 1D model with our nonlinear model coefficients reproduces the pattern of N2O in the ocean (incredibly well!) and, with that model, we can balance direct estimates of air sea exchange -the issues raised by this reviewer do not change any of that." Fig S5a: error in x-axis title.
Thanks for spotting this: oxyen is now oxygen.
A general note: The paper now refers to the Thaumarchaeotal N2O pathway as similar to codenitrification. I would recommend using the term hybrid N2O formation (at least in the abstract and introduction), which is used by Kozlowski and seems to be catching on rapidly at conferences. 26, 79, 283, 292, 333, 337, 404 and 424. 1 Kalvelage, T. et al. Nitrogen cycling driven by organic matter export in the South Pacific oxygen minimum zone. Nature Geoscience 6, 228-234, doi:10.1038/ngeo1739 (2013) .
We have adopted hybrid N 2 O formation throughout and included further discussion of the potential routes of N 2 O production in the Methods in line with this and the comments above. See new lines
